arXiv:1507.08963v2 [quant-ph] 24 Sep 2015 


Magnetically tuned, robust and efficient filtering system 
for spatially multimode quantum memory in warm atomic vapors 

Michal Dabrowski, Radoslaw Chrapkiewicz*, and Wojciech WasilewskQ 

Warm atomic vapor quantum memories are simple and robust, yet suffer from a number of para¬ 
sitic processes which produce excess noise. For operating in a single-photon regime precise filtering 
of the output light is essential. Here we report a combination of magnetically tuned absorption and 
Faraday filters, both light-direction-insensitive, which stop the driving lasers and attenuate spurious 
fluorescence and four-wave mixing while transmitting narrowband Stokes and anti-Stokes photons 
generated in write-in and readout processes. We characterize both filters with respect to adjustable 
working parameters. We demonstrate a significant increase in the signal to noise ratio upon applying 
the filters seen qualitatively in measurements of correlation between the Raman-scattered photons. 


I. INTRODUCTION 

Quantum memories are the essential building-blocks 
in a number of quantum information processing proto¬ 
cols pQ. Examples include building a quantum network 
connecting space-separated atomic memories via optical 
fibers [2], quantum computation m, quantum commu¬ 
nication [5], entanglement [6] and multiple-photon gen¬ 
eration on demand [7]. 

A number of different implementations of quantum 
memory have been realized so far including electromag- 
netically induced transparency [8], Raman scattering [9], 
atomic frequency comb nnnn], gradient echo memory 
m and coherent population oscillations nn Among the 
most popular media for storage of the quantum informa¬ 
tion are cold alkaline atoms mm, room-temperature 
atomic vapors in cells minHH] and in hollow-core fibers 
[21 23, molecular gases [Ji 24 , NV-centres [25] and opti¬ 
cal phonons [6] in diamonds, and rare-earth-doped solids 

unm]. 

In this work we focus on probably the most widespread 
and renowned implementation based on warm alkali atom 
vapor (rubidium-87) contained in a glass cell together 
with noble buffer gas (krypton) to reduce the effects of 
thermal motion [28j [29] * Photons are interfaced with 
atomic collective excitations, spin-waves, via off-resonant 
Raman transitions. We operate on memory in spatially 
multimode regime using large diameter driving beams 
ED]. In general multimode operation is natural and read¬ 
ily achievable in a number of spontaneous and parametric 
processes [3TH33] such as spontaneous parametric down- 
conversion in non-linear crystals [33] and instantaneous 
four-wave mixing in warm atomic vapors [35 [ 36] . In our 
application spatially multimode operational mode can be 
applied to store transversely varying information, such as 
images, in quantum memories EH EH EH- In our setup 
typically over one hundred distinguishable spatial modes 
of Raman light are coupled with independent spin-wave 
modes m- 

Spontaneous Raman scattering in warm and high op¬ 
tical depth ensembles is most efficient at the detuning 
of the order of 1 GHz and requires significant drive 


laser energy. Thus filtering out of the driving beams 
requires very large attenuation, around 10 11 . In our 
experiments first we use crystal polarizers, as the Ra¬ 
man photons are polarized orthogonally to the driving 
light. Next a rubidium-85 absorption filter HZl [40] of 
magnetically broadened absorption line width is used to 
stop any remaining leakage. The second type of noise 
is an omnidirectional spontaneous fluorescence directly 
from the excited state, observed in a number of exper¬ 
iments Emmas] and discussed theoretically E3M3. 
This fluorescence is enhanced by collisions with buffer 
gas [4l l4Tll42j . Our experiments also indicate presence of 
broadband and omnidirectional noise light of an intensity 
proportional both to the concentration of Rubidium and 
the buffer gas, likely due to the scattering of laser light 
by the long-lived Rb-buffer gas molecules m 

To filter out this light, a narrow bandpass filter trans¬ 
mitting the Raman light only is necessary. Typically a 
Fabry-Perot cavity is used to this end 01111 ED- How¬ 
ever, it is unsuitable for our purposes, because it can¬ 
not transmit hundreds of spatial modes at the same fre¬ 
quency. Therefore we use a Faraday filter [48j 09] with 



Figure 1. Driving lasers and photons frequencies against 
rubidium-87 and rubidium-85 energy level structure. Write 
and read lasers are virtually resonant with Doppler- and mag¬ 
netically broadened 85 Rb isotope transitions in absorption fil¬ 
ter as opposed to scattered photons. 


















2 


Write Read 



Figure 2. Experimental setup of quantum memory and filters 
system. From top-left corner: 87 Rb atomic memory cell inside 
magnetic shielding, magnetically broadened 85 Rb absorption 
filter, Faraday filter and a low-noise, single-photon-sensitive 
intensified sCMOS camera (I-sCMOS) as a detector. The 
blue squares stand for polarizing beam splitter cubes (PBS) 
or Wollaston polarizers (Woll). The directions of the magnetic 
field are marked. 


rubidium-87 vapor rotator as a second stage. By prop¬ 
erly adjusting the temperature and magnetic field in both 
filters we are able to attenuate the driving beams by a 
factor of 10 11 and reach a transmission of 65% for the 
Stokes and 45% for the anti-Stokes light. 

We demonstrate the immense effect of combined filter¬ 
ing on the statistical properties of the registered light. 
The first filter virtually stops the driving laser leakage. 
However, only due to the application of the second filter 
intensity correlations between the Stokes and anti-Stokes 
scattered light can be seen down to a single-photon level. 
The approach we demonstrate is a robust alternative to 
filtering with the use of interference cavities. It is in¬ 
sensitive to direction and precise alignment although its 
tuning is possible just through adjusting the magnetic 
field and temperature in both filters. 


II. MEMORY SETUP 

In our experiments we start with an ensemble of 87 Rb 
atoms pumped to F=1 state. We write to the memory 
by driving spontaneous Stokes transition, which produces 
pairs of collective excitations to the F=2 state, i.e. spin- 
waves and scattered Stokes photons. After adjustable 
storage time the spin-wave can be converted to anti- 
Stokes photons by sending read laser pulse UM [So]. 
Both drive lasers work near D 1-line transitions. The de¬ 
tunings of write and read lasers from resonances F = 
1 —>> F' = 1 and F = 2 —)> F' = 2 equal Aq/ = 1 GHz 
and Ar = 800 MHz respectively as indicated in Fig{l] 

The simplified version of the experimental setup is de¬ 
picted in Fig. [2] We utilize three external cavity diode 
lasers (ECDL) for optical pumping and Raman scattering 
in the 87 Rb cell. The Raman scattered light has a polar¬ 
ization orthogonal to the driving lasers, so we use Wollas¬ 


ton prisms to pre-filter the Raman-scattered light. Due 
to the finite extinction of the Wollaston prisms (10 5 :1) a 
small portion of laser light leaks through together with 
the Raman-scattered light. Usage of the 85 Rb leads to a 
high absorption coefficient of the driving lasers whereas 
transmission of Raman-scattered light remains at the 
level of 80%. Properties of the atomic absorption filter 
are independent of the transmitting light properties, e.g. 
direction, spatial mode profile or polarization, in contrast 
to the properties of the Faraday or Voigt filters. Finally, 
the broadband light coming from the resonant fluores¬ 
cence is filtered out with the use of the Faraday filter. 
This filter additionally diminishes the residual leakage of 
driving beams. 

The photons are detected with a high-resolution sC¬ 
MOS camera with an image intensifier (I-sCMOS) [5T1 - 
1531 [55] , This enables us to work in a single-photon-level 
regime and to measure photon statistics in a similar man¬ 
ner as with multiplexed on-off detectors ISI1E3ES1. Fur¬ 
ther details of the experimental setup and the full op¬ 
erational scheme of our quantum memory protocol are 
described in [201150]. 

Absorption and transmission spectra of the three ru¬ 
bidium cells used in the experiment are presented in Fig. 
[3] along with the positions of the laser beams frequencies, 
as well as Stokes and anti-Stokes scattered light. Detun¬ 
ing of about 1 GHz for both write-in and readout beams 
is a compromise between the high efficiency of Raman 
scattering and the low absorption coefficient inside the 
filtering cells. 


III. FILTERING SYSTEM - DETAILS 
A. Absorption filter 

The 30-cm long rubidium 85 Rb cell in the transverse 
static magnetic field, drawn in Fig. [4] is used to stop the 
strong laser beams and transmit the Raman-scattered 
single photons which are very narrowband but their fre¬ 
quencies lie out of the wings region of the spectrum. The 
transverse magnetic field inside the filter is emitted by 
the ferrite magnets located on both sides of the rubidium 
cell. By changing the distance between the magnets, we 
effectively change the magnetic field inside the cell and 
thence the line broadening. The width of the absorption 
spectrum controlled by the magnetic field ranges from 5.5 
GHz up to 8.4 GHz, depending on the distance between 
the magnets, as depicted in Fig. [5] For our purposes we 
set the magnetic field to 10 -2 T for a 9-cm distance be¬ 
tween magnets, to move 85 Rb lines close enough to 87 Rb 
where driving lasers operate. 

The opaqueness and to some extent the width of the 
filter lines are tuned by changing the temperature of the 
filter. The filter is heated in a range of 20° — 140° C 
to vary the optical density of atomic vapor that grows 
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Figure 3. Transmission spectra of (a) the atomic quantum 
memory cell containing 87 Rb isotope, (b) 85 Rb absorption fil¬ 
ter at T — 100° C and (c) 87 Rb Faraday filter for the magnetic 
field amplitude B — 10 _3 T and temperature T — 102°C. 
The frequency of the laser beams and scattered Stokes and 
anti-Stokes light are marked by detunings measured from 
F = 2 —>• F' = 2 transition on D 1-line in 87 Rb. 


variable distance double layer 




Figure 4. Technical drawing of the magnetically tuned ab¬ 
sorption filter based on 85 Rb isotope. Broadening of filter 
lines is achieved by changing a variable distance between fer¬ 
rite magnets. Filter is embedded in a two-layer magnetic 
shielding protecting main quantum memory cell from the cor¬ 
rupting stray magnetic field. 


Magnetic broadening 



0 6.8 Frequency [GHz] 


Figure 5. Large broadening of the lines of absorption filter 
due to transverse magnetic field, tuned by changing distance 
between ferrite magnets. For visualization purposes presented 
transmission spectra were measured below operation temper¬ 
ature, at T = 60° C. For our operation we selected a distance 
of 9 cm corresponding to 10 -2 T inside the cell with 85 Rb. 
Spectra are juxtaposed vertically, with proportions preserved. 
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Figure 6. 85 Rb filter transmission spectra for a range of tem¬ 
peratures. Absorption lines are significantly broadened due 
to transverse magnetic field of approximately 10“ 2 T. The 
detuning is measured from F — 2 —> F' = 2 transition on the 
D 1-line of 87 Rb. 


exponentially with temperature. In practice the opera¬ 
tional range is limited, as for temperatures below 90° C 
the absorption of drive lasers is too low while above 120° 
C the transmission of the Raman-scattered light drops 
abruptly. 

The whole filter is inserted inside the two-layer soft- 
steel magnetic shielding that confines the magnetic field 
inside the filter suppressing the stray external fields down 
to B ext — 10 -4 T. We heat the vapors in the Rubidium 
cell using the high-power resistor mounted under the cell 
which dissipates around P ~ 80 W power. 


Measured transmission spectra for different temper¬ 
atures in the frequency range of both lasers and the 
scattered light are shown in Fig. [6j For large posi¬ 
tive detunings the wing of the spectrum transmission is 
smaller than for negative detunings due to the residual 
content of 87 Rb in the filter cell. For optimal temperature 
T a b s = 100° C the suppression of the drive lasers is 50 
dB while the transmission of the Raman-scattered light 
is at the level of 80%. The frequencies of Stokes and anti- 
Stokes scattered light in Fig. [6] correspond to detunings 
A s = —2.3 GHz and Aas = 7.8 GHz, respectively. 
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B. Faraday filter 

To filter out the broadband fluorescence and four- 
wave mixing accompanying write-in and readout from the 
memory, we utilize a Faraday filter which consists of two 
orthogonal polarizers and a Faraday rotator in between. 
In this arrangement the filter is opaque in the absence of 
magnetic field. We use the standard configuration of the 
filter [48], 56J, but for temperature stabilization purposes 
we apply water cooling to compensate the relatively high 
power emitted by coils producing magnetic field. 

The rotation of the polarization occurs in a 30-cm long 
cell containing the 87 Rb isotope heated up to 100° C for 
us to obtain appropriate optical density of vapors. The 
magnetic field inside the filter is about B = 10 -2 T and 
directed along the beam. The average magnetic field does 
not depend on the transverse position inside the cell, i.e. 
it is near perfectly uniform in each plane perpendicular to 
the laser beam direction. The imperfections of the mag¬ 
netic field in the transverse directions are smaller than 
10 -5 T. The cell is placed in a PVC tube and heated 
with a current flowing through the coils wound around 
the 87 Rb glass cell. Other coils outside the PVC tube 
produce strong magnetic field along the filter axis. The 
filter is inside a soft-steel pipe with lids to contain the 
magnetic field inside the filter. The whole system is ad¬ 
ditionally sealed in another, outer pipe, where circulating 
water transfers out the heat emitted by the coils. 

The transmission through the system with two or¬ 
thogonal polarizers and the rotator between reads t = 
t rot sin 2 #, where t rot is the transmission through the ro¬ 
tator and 0 is the rotation angle. To elucidate the above 
expression, consider the linearly polarized light entering 
the rotator decomposed in a left (L) and right (R) cir¬ 
cular polarization basis. Each of them has a refractive 
index ul,r and an absorption coefficient (Xl,r • Traveling 
through the rotator each circular polarization acquires 
a phase exp (iK L , R z), where K L , R = n L , R uj/c + ia L , R z 
is the complex wavevector. The resulting rotation angle 
due to the difference between refractive indices equals 
0 = ( til — tir)uj/2c. For the sake of simplicity we assume 
equal absorption coefficients for both circular polariza¬ 
tion components olr <%r = O', yielding the expression 
for the total transmission t rot = exp(— az). 

The transmittance spectrum of the Faraday filter with 
two orthogonal polarizers is presented in Fig. [7] for the 
whole spectrum of rubidium-87 D 1-line. The transmis¬ 
sion spectrum is measured for different values of the ex¬ 
ternal magnetic field at the temperature of T = 68° C. 
For very weak magnetic fields there is almost no trans¬ 
mission while in strong magnetic fields numerous sepa¬ 
rate high-transmission bands emerge. They correspond 
to rotation angles 0 = tt + 27rfc, where k stands for an 
integer number. 

Fig. H presents analogous spectra but measured in a 
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Figure 7. Transmission spectra of the Faraday filter at T — 
68° C for different values of magnetic field. The detuning is 
measured from F — 2 —>• F' — 2 transition on the D1 line of 
87 Rb. 
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(a)Part of Rb spectrum in the region of F=1 ground-state sublevel 
transition. 
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(b)Part of Rb spectrum in the region of F=2 ground-state sublevel 
transition. 

Figure 8. Transmission spectra of the Faraday filter with a 
hot cell at T s= 110° C for different values of magnetic field 
zoomed to the vicinity of the 87 Rb resonances. 


detailed frequency scale at a higher temperature T = 
110° C, separately for the two different regions of the 
D1 line of Rubidium: near the the F = 1 —» F' = 2 
and F = 2 —>• F f = 2 transitions, respectively. Fig. [9] 
compares two relative orientations of polarizers parallel 
and perpendicular to each other at T = 90° C. 

For the perpendicular polarizers the transmission t± = 
t rot sin 2 6 reaches its maximum for a rotation angle 0 = 
7r + 2irk provided the transmission through rotator t ro t 
is nonzero. Although in the vicinity of the resonance the 
rotation may be high, the rotator becomes opaque |48_. 
On the other hand, further away from the resonances the 
net polarization rotation is very small, since both circular 
polarization components are subject to virtually the same 
retardation. Increase in the magnetic field pushes the 
transmission line further from the resonances. Practically 
the filter transmits frequencies detuned by 1-3 GHz from 
any of the four resonances of 87 Rb D1 line, depicted in 
Fig. |3] (a). 
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Figure 9. Transmission spectra of the Faraday filter at T — 
90° C with (a) perpendicular and (b) parallel polarizers for 
reference. The detuning is measured from F — 1 —> F' — 1 
transition on the D1 line of 87 Rb. 
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Figure 10. Transmission spectra of both filters for different 
magnetic fields inside the Faraday filter. The detuning is mea¬ 
sured from F = 2 —> F' — 2 transition on the D 1-line of 
87 Rb. Temperatures of the filters were T a b s = 100° C and 
TFarad = 102° C, respectively for the absorption and Faraday 
filer. 


C. Transmission of combined filters 

The transmission through both filters for the D1 line 
Rubidium spectrum is depicted in Fig. [lOj Both fil¬ 
ters transmit light at the frequencies detuned to the red 
from the F = 2 —)> F' = 2 resonant transition. The 
frequency corresponding to the maximum transmission 
can be adjusted by proper settings of the Faraday filter’s 
temperature and the internal magnetic field. For positive 
detunings we observe a sharp edge of absorption region 
resulting from the presence of the absorption filter. 

We found the optimal conditions for the operation 
of the filtering system to be: T a b s = 100° C and 
Tparad = 102° C, with the magnetic field amplitude in¬ 
side the Faraday filter B = 10 -2 T. For such settings 
the combined transmission through absorption and Fara¬ 
day filters is depicted in Fig. [3] Remarkably for Raman- 
scattered light detuned from the F = 2 —)> F' = 2 res¬ 
onant transition by A s = —2.3 GHz and A as = 7.8 
GHz we achieved a high transmission of 65% and 40% 
for Stokes and anti-Stokes light respectively. 


IV. PERFORMANCE - FILTERING PHOTONS 
FROM THE MEMORY 

To qualitatively assess the performance of the filtering 
system, we measured Stokes photons along with subse¬ 
quently retrieved anti-Stokes photons in a similar manner 
as m , but in a low gain regime exciting only a few pho¬ 
tons per spatial mode m- We observe an increase in the 
signal-to-noise ratio owing to the filtering system by mea¬ 
suring average intensities and correlations between the 
number of photons generated in the write-in and readout 
process. 

The average intensities from 2 x 10 5 frames registered 
on the I-sCMOS camera are depicted in Fig. [TT] The 
first line presents the angularly broad Stokes and anti- 
Stokes light intensities without the Faraday filter, while 
the second one includes Faraday filter operation where 
the isotropic noise background is greatly suppressed. For 
comparison the residual laser beams (angularly narrow) 
leakage is let through the filters in the system by with 
cold 85 Rb filter, as depicted in the third line. 

The joint statistics p(ns,riAS ) of counts between 
Stokes and anti-Stokes photons from the write-in and 
readout processes are depicted in Fig. [l2] (a) and (b), 
with and without the Faraday filter, respectively. We 
count the number of Stokes photons ns scattered on the 
camera region around the write-in laser beam (6 mrad 
in diameter) and the number of anti-Stokes photons has 
around the readout beam. 

Comparing the maps of the joint statistics, one can 
see that application of the Faraday filter enables obser¬ 
vation of a correlation between the amount of Stokes and 
anti-Stokes photons scattered in each realization of the 
experiment. The ratio of the size of the diagonal and 
anti-diagonal joint probability distribution is a measure 
of correlation coefficient and thus the signal-to-noise ra¬ 
tio in the registered data. Without the Faraday filter 
the number of anti-Stokes scattered photons is almost 
independent of the number of Stokes-scattered photons. 
This is due to spurious incoherent light which is intense 
enough to cover the Raman scattering signal. 

To demonstrate the multimode capacity of our mem¬ 
ory and filter system we conduct direction-resolved 
measurements of correlations. To this end we divide 
the camera region along the horizontal line to the 
left and right around the write and read beams into 
small circular regions Ai and Aj, each of the area of 
0.02 mrad 2 and with 0.7-0.8 single photon on aver¬ 
age. We calculated the correlation coefficient Cij = 
(Ans(Ai)AnAs{Aj))/y/ ((Ans(Ai)) 2 )((AnAs(Aj)) 2 ) 
between the number of Stokes ns(Ai) and anti-Stokes 
nAs{Aj) photons scattered in the circular regions A^Aj 
around the write and read beam, respectively. The 
maps of correlation coefficient between number of the 
Stokes and anti-Stokes photons scattered into each pair 
of circular regions are depicted in Figs. [l2|c) and (d). 
















6 



Figure 11. Normalized average light intensities of angularly 
broad Stokes (left) and anti-Stokes (right) scattering regis¬ 
tered by the I-sCMOS camera along the Ox axis. Application 
of the Faraday filter considerably diminishes the isotropic flu¬ 
orescence background. Raman scattering is compared with 
angularly narrow laser beam leakage which dominates with¬ 
out absorption filter. 

Using Faraday filter the four-wave-mixing contribution 
m has been eliminated. 

Then we compare the number of coincidences of Stokes 
and anti-Stokes photons from each of these small regions. 
Including the Faraday filter we are able to observe the 
elliptic structure which is evidence for generation of cor¬ 
related photon pairs with a correlation coefficient of 0.38 
which is smaller than unity because of the fluorescence 
signal from the quantum memory cell. 

Without the narrowband Faraday filter we do not ob¬ 
serve any correlations on the illumination level of n = 30 
photons per camera frame (from which n & = 1.5 is 
the light-independent equivalent background illumina¬ 
tion noise of the image intensifier). The correlation coef¬ 
ficient between the Stokes and anti-Stokes photons scat¬ 
tered in the opposite directions extracted from the mea¬ 
sured data is as little as ca. 0.03 on average which is 
negligible as compared to Fig. [l2jc) with Faraday fil¬ 
ter. Moreover, in Fig. Eld) there is no visible structure, 
which is due to the large amount of fluorescence light 
comparable to the Raman-scattered photons which are 
correlated. 


V. CONCLUSIONS 

In conclusion we built and characterized a two-step 
filtering setup which enables observation of the correla¬ 
tions between Stokes and anti-Stokes Raman scattering 
at a single-photon-level. 

Polarization pre-filtering and a rubidium absorption 
filter are used to eliminate the laser beams leakage by 
attenuating them by more than 10 9 , while an additional 
combination with a Faraday filter yields a total attenua¬ 


tion of 10 11 . 

Moreover the Faraday filter blocks the fluorescence and 
the four-wave-mixing noise coming from the atomic mem¬ 
ory medium. The filter transmits only the narrowband 
spectrum of frequencies corresponding to the Raman- 
scattered light in 87 Rb. In the case of our filter con¬ 
struction it corresponds to the frequencies detuned ap¬ 
proximately by A s = —2 GHz and A as = 7 GHz from 
the F = 2 F' = 2 resonant transition for Stokes and 
anti-Stokes light, respectively. Noticeably, regardless of 
such small detunings we achieve a transmission for the 
Raman-scattered light as high as 50-60%, depending on 
the Faraday filter settings. 

Our approach is robust and efficient. Which is more, 
the frequencies with high transmission can be tuned by 
several hundreds of MHz by changing the magnetic field 
amplitude inside the Faraday filter, whereas absorption 
edges of 85 Rb filter can be moved magnetically as widely 
as up to 8.4 GHz. Eventually we can obtain the op¬ 
timal, high transmission on the Raman-scattered light 
frequencies while blocking frequencies corresponding to 
the broadband fluorescence, laser beams and four-wave¬ 
mixing. 

The performance of the system in the regime of a few 
atomic collective excitations is evaluated in statistical 
measurements of the scattered photons. The obtained 
correlation maps are strong evidence for the directional 
coincidences between Raman-scattered light produced in 
the write-in and readout processes of quantum memory. 
However, the output signal is dominated by noise and no 
correlation appears above the background if no filtering 
is applied. 

Nowadays, many groups are utilizing warm atomic and 
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Figure 12. Comparison of measured joint photon statistics (a- 
b) and spatial correlations between the Stokes and anti-Stokes 
photons (c-d) with (left panel) and without (right panel) 
Faraday filter. The joint count statistics of centrally emit¬ 
ted Stokes and anti-Stokes (top row) p(ns,riAs) and maps 
of intensity correlations between different directions (bottom 
row). 
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molecular gases for quantum memories fn hi rni rnn nsi- 
nn mi SOHUl EZHHI] - Application of the filtering system 
we present can enhance the fidelity of retrieved photons 
and extend other teams’ operational regime into the mul¬ 
timode quantum memory mm- Undoubtedly such sys¬ 
tem will be essential to measure non-classical g^ cross¬ 
correlation function between stored and retrieved pho¬ 
tons H3HDE2, which is prerequisite for further appli¬ 
cations in quantum information processing. Importantly 
presented filtering solution can find applications far be¬ 
yond quantum memories including Raman spectroscopy 
[63J and biological applications [64] . 
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